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Response to genotoxk stress can be considered as a multistage 
process involving initiation of cell-cycle arrest and maintenance 
of arrest during DNA repair'. Although maintenance of G2/M 
checkpoints is known to involve Chkl, Chk2/Rad53 and upstream 
components, the mechanisms involved in its initiation are less 
well defined 1 "*. Here we report that p38 kinase has a critical role in 
the initiation of a G2 delay after ultraviolet radiation. Inhibition 
of p38 blocks the rapid initiation of this checkpoint in both 

102 



human and murine cells after ultraviolet radiation. In vitro* p38 
binds and phosphoryiates Cdc25B at serines 309 and 361, and 
Cdc25C at serine 216; phosphorylation of these residues is 
required for bmding to 14-3-3 proteins. In vivo, inhibition of 
p38 prevents both phosphorylation of Cdc25B at serine 309 and 
14-3-3 binding after ultraviolet radiation, and mutation of this 
site is sufficient to inhibit the checkpoint initiation. In contrast, in 
vivo Cdc25C binding to 14-3-3 is not affected by p38 inhibition 
after ultraviolet radiation. We propose that regulation of Cdc25B 
phosphorylation by p38 is a critical event for initiating the G2/M 
checkpoint after ultraviolet radiation. 

Evidence exists for important differences in the induction of G2/ 
M delays after DNA strand damage caused by ionizing radiation 
(IR) and ultraviolet (UV) radiation' 5 . Several mechanisms are 
involved in regulating G2/M delay after IR, and a key component 
includes activation of Chkl and Cbk2 by the cell cycle proteins ATM 
and/or ATR, which results in phosphorylation of Cdc25C at Ser 216 
(refs 1> 2, 6, 7). Less is known about checkpoint regulation after UV 
radiation, but evidence indicates that Cdc25 may be involved' ,7, * 3 
whereas ATM seems to be involved primarily in IR- rather than UV- 
induced damage signalling 1 . After either JR or UV radiation the 
initiation of the G2/M checkpoint is rapid, but the regulation of 
these early events has not been well characterized. Cdc25B, a 
cytoplasmic protein in G2/M 9 , has been termed a starter protein' 
for G2/M progression as it is activated before Cdc25C' ,,0 i thus, 
Cdc25B is a candidate for G2 checkpoint initiation. 

The mitogen-activated protein kinase (MAPK) pathway has a 
central role in cellular signalling and two of its three components, 
the p38 kinase and Jun amino-termmal kinase (JNK), are activated 
rapidly by many stresses including UV radiation. To address the 
potential role of p38 kinase in the regulation of cell-cycle progres- 
sion, we determined the effect of a specific p38 inhibitor (SB202 190) 
on Uy-induced checkpoint activation. Whereas inhibition of p38 
had no discernible effect on Gl checkpoint activation as measured 
by progression into S phase (data not shown), the rapid onset of G2 
checkpoint was strongly inhibited. For primary isogenic cells from 
wild-type, pS3" /_ and p21 _/ " mice, the onset of G2 checkpoint was 
inhibited markedly at both low and high UV radiation doses (Fig. la); 
the only exception was weaker but significant (P < 0.05) inhibition 
in p5y l ~ cells at the lower dose. 

G2 checkpoint activation was measured by the reduction in the 
mitotic index at early times after irradiation 5 ; the duration of G2/M 
in these dermal fibroblasts was estimated to be about 4.5 h, and thus 
excluded a contribution by UV-induced S-phase delay during the 
first 4h. Using 20 J m" 2 , inhibition was also seen in p53 wild-type 
and p53-deficient human tumour lines including HeLa cells 
(Fig. 2b). Treatment with SB202190 reduced p38 activity in all 
three types of dermal fibroblast, as determined by phosphorylation 
of glutathione S-transferase (GST)-ATF2, whereas it had no effect 
on JNK activity as measured by GST-Jun phosphorylation (Fig. la). 
Neither the inhibitor nor UV radiation affected the level of cellular 
p38 (data not shown). Notably, changes in the mitotic index 
correlated with Cdc2 kinase activity, as measured by phosphoryla- 
tion of histone HI (Fig. la, HH1). Ultraviolet radiation decreased 
Cdc2 kinase activity in all cell lines tested, and p38 inhibition 
completely blocked the decrease during the first hours after 
irradiation. 

The role for p38 in the control of G2 progression seems to be 
specific for particular types of stress, as it affected neither IR- 
induced checkpoint activation nor normal G2/M progression. 
Ionizing radiation frequently does not induce appreciable activation 
of MAPKs including p38 (ref. 11), and the p38 inhibitor had no 
effect on the rapid onset of G2 checkpoint in either wild-type or ^gg- 
p53-deficient cells (Fig. lb). Moreover, inhibitors of IR signalling ^' L " 
proteins, such as caffeine (ATM/ ATR) and UCN-01 (Chkl), had no 
effect on the initiation of the UV-induced G2 checkpoint (Fig. 2b). 
In non-irradiated cells, inhibition of p38 also had no detectable^ 
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.ffect on normal G2/M progression (Fig. lc). 

The rflmediated G2 checkpoint occurs in p53-defiaent cells, 
J sLmed to be attenuated at the lower UV dose (Fig. la) As 
vieHoses triggered strong activation of the p3S-dependent 
SteS re^dL of P 53 status, we carried out further stupes 
^ deficient HeLa cells. HeLa cells express only two of Ac four 
£ f P 38 at appreciable levels"; both P 38a and p38 P are 
SnSinWbitedbySB202190, whereas die other two P 38isoforms 
TreS> We could selectively block these two P 38 isoforms, which 
S ubiquitously expressed in most cell types, with *n andsense 
£onudeotide approach (Fig. 2a) that also attenuated UV-mduced 
Koint activatL. Suppression of either P 38a or p38 P leve s 
^terfered with normal UV checkpoint activation wrtr> slight y 
Serent kinetics (Fig. 2b). The p38a oUgonucWc = could 
reduce G2 arrest to that achieved with SB20219O, whereas inhibition 
of p386 had a more transient effect with prominent attenuation 
only in the first hour after irradiation. These results support a role 
for both p38 isoforms in checkpoint activation 

We attempted to identify the P 38 substrate(s) involved in G2 
checkpoint control. Previous studies have indicated that a peptide 
containing an LSP motif is a substrate for P 38, and this motif can be 
oundmrLnyproteinsindu^ 

Ser33 and Ser46) l \ cyclin Bl (Serllfl, Mytl (Ser431) and 
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Cdc25B (Serl5, Ser224, Ser235). Mutation of Serll6 had no 
effect on cyclin Bl localization or on Cdc2/cyclin Bl kinase activity 
(data not shown). Likewise, mutation of Ser431 to alanine m Mytl 
did not affect its ability to inhibit Cdc2 kinase activity, nor did it 
affect the ability of Mytl to sequester either wild-type or S116A 
cyclin Bl in the cytoplasm when nuclear export of cyclin Bl was 
interrupted by leptomydn B (data not shown). Ultraviolet radiation 
did not affect the cellular localization or protein level of Cdc25B 
(data not shown). In contrast, it has been shown that ^cubating 
Cdc2 complex from UV-irradiated cells with GST-Cdc25B is 
sufficient to restore Cdc2 activity 15 , indicating thai _ Cdc2 
phosphorylation is a more likely target for G2 control after UV 

radiation. . . >« , , . 

Cdc25B activity is essential for G2/M transition 1 and has been 
implicated in the regulation of Cdc2 activity after UV radiation . 
Consequently, we synthesued peptides corresponding to regions 
containing the LSP motif, as well as to the 14-3 : 3-b,nd.ng region 
(303-312), and incubated them with P 38cx-Flag isolated ^frorn Un- 
irradiated cells". Unexpectedly, P 38a phosphoryUted the 14-3-3^ 
binding region at least 25 times more efficently than the LSP 
neDtide. (Fie 3a, lanes 1-4). We next used peptides that matched 
ff£2t 14-3-3-binding sites" (RSXpSXP or ^/EXpSXP) 
in Cdc25B {containing Serl37, Ser216, Set 309 and Ser361) and 




Figure 1 A principal rote lor p38 kinase in G2 checkpoint activation after UV rad.at.oa 
a oermal fibroblasts (Dfsjeslablished from «ild-type,p53^- and P 21- 
radiated In the presence of 10 »M p38 inhibitor S8202190 (open symbols) or dimethyl 
sulpiride (DMSO; filled symbols) as a control, and the percentage of cells in mrtoss and 
Cdc2 p38 and JNK activities were determined, b. Wild-type and p53 OFs were 
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r i TO diated(3Gy)inthe presence of SB2021 90 "^^f*^™ 
determined as in a c, Wld-type DFswere synchronized wrth 0.25% serum for 3 d. and 
Z »d m 20% serum. S6202190 or DMSO was added 20 h tater and me 
mitotic index was determined. 
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Figure 2 The p38a and p38p kinases contribute to UV-induced G2 arrest a, HeLa cells 
were'transfected individually or in combination with antisense (As) or control (Scr) 
oligonucleotides to the two isoforms of p38 expressed in these cells, and the levels of 
p38a and p380 protein were determined 48 h later by immunoblot. b, Cells treated in the 



same manner were Unirradiated with 20 J m~ ? 48 h after transection, and the mitotic 
index was determined at the indicated times following irradiation. Top left, SB2Q219D, 
caffeine and UCN-01 were added 0.5 h before irradiation. 
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Figure 3 to vitro p38 kinase phosphorylates and binds Cdc25B and Cdc25C, and 
regulates Cdc25 binding with 14-3-3 proteins, a, Peptides to the indicated reglonsin 
Cdc25B and C were analysed using an to vitro kinase assay with purified UV-activated 
p38a (ref. 15). b, The same approach was taken with GST-tagged proteins encoding 



either wild-type or the designated mutant of Cdc25B and Cdc25C. c, Association of p38a 
kinase with Cdc25B and Cdc25C. d. Association of p38-phosphory!ated Cdc25 with 
14-3-3 was analysed as described In Methods. 
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Cdc25C (containing Ser 216). All these sites, with the exception of 
Cdc25B Ser 216, were phosphorylated (Fig. 3a). 

We extended these experiments to whole proteins and found that 
mutation of Ser 216 in Cdc25C or the combination of Ser 309/ 
Ser 361 i« Cdc25B reduced phosphorylation byp38 to about 10% of 
that in the wild-type protein (Fig. 3b). Mutation at Ser 137 either 
alone or in combination with Ser 309 or Ser 361 had no appreciable 
effect, and thus we conclude that Ser309/Ser361 in Cdc25B and 
Ser216 in Cdc25C are the most critical sites for phosphorylation by 
p38ot and p38(3 (data not shown) kinases. 

To determine whether p38 kinase and the Cdc25 proteins form a 
complex, GST-Cdc25C and GST-Cdc25B bound to glutathione 
beads were incubated with cell extracts from HeLa cells and 
precipitated. Both fusion proteins bound p38 kinase specifically, 
whereas GST alone did not (Fig. 3c), indicating the presence of a 
complex. Notably, mutation of the phosphorylation sites on both 
proteins, as well as UV irradiation of HeLa cells, did not affect 
binding with p38 kinase (data not shown). 

Phosphorylation of Cdc25 triggers cell-cycle arrest by the seques- 
tration of Cdc25 by 14-3-3 (refs 1, 17, 18). We found that 
phosphorylation of Cdc25B or Cdc25C by p38 kinase results in a 
significant increase of 14-3-3 binding (Fig. 3d). For Cdc25C, this 
increased binding was primarily dependent on phosphorylation of 
Ser 216, because mutation of this site significantly reduced p38- 
kinase-induced binding to 14-3-3 proteins. For Cdc25B, mutation 
of either Ser 309 or Ser 361 alone was sufficient to reduce 14-3-3 
binding to that observed with the S309A/S361A double mutant 
(Fig. 3d); this indicates that phosphorylation at both sites is 
required for strong p38-kinase-induced binding. 

Both Cdc25B and Cdc25C bound to 14-3-3 under normal 



conditions in vivo and inhibition of p38 did not affect this binding, 
whereas mutation of Ser 309 in Cdc25B or Ser 2 16 in Cdc25C to 
alanine decreased complex formation (Fig. 4a). Ultraviolet radia- 
tion had no significant effect on 14-3-3 binding, nor did inactiva- 
tion of p38 change complex formation with Cdc25C after UV 
radiation. For Cdc25B, however, 14-3-3 binding was significantly 
reduced in UV-irradiated cells after p38 inactivation (Fig. 4a). These 
results support an important role for p38 in the regulation of 
Cdc25B by 14-3-3 after stresses such as UV radiation, but argue 
against a significant role in the regulation of Cdc25C. 

To address further the in vivo role for p38 kinase in regulating 
phosphorylation of Cdc25B Ser 309, we generated a phospho- 
specific antibody to this site. Analysis of non-synchronized HeLa 
cells showed that this site is phosphorylated in non-synchronized 
cells as well as in Gl> S and G2 phases of the cell cycle (Fig. 4b). In 
mitosis, however, Cdc25B phosphorylation at Ser 309 was reduced 
markedly, correlating with high Cdc25B phosphatase activity 
(Fig* 4b, bottom panel). Ultraviolet radiation had no effect on 
Cdc25B phosphorylation at Ser 309, and inactivation of p38 kinase 
did not affect Ser 309 phosphorylation in control cells, but this 
phosphorylation was significantly reduced in asynchronous UV- 
irradiated cells in the presence of the p38 inhibitor (Fig. 4c). 

We investigated the role of Cdc25B Ser 309 in regulating the 
initiation of G2 checkpoint. Synchronized HeLa cells were trans- 
fected with different green fluorescent protein (GFP) fusion con- 
structs, and progression through G2 phase was analysed (Fig. 4d). 
Under these conditions, cells entered mitosis 8-9 h after release in 
complete medium and only 3% of the GFP-positive cells could reach 
mitosis by 7h (Fig. 4d). As overexpression of wild-type Cdc25B 
induces premature onset of mitosis (Fig. 4b) 9 , the cells were UV 
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Figure 4 In wvo phosphorylation of Ser 309 Cdc25B after UV radiation, and Its role In 
regulating 14-3-3 binding and G2/M checkpoint control, a, The level of 14-3-3 in 
complex with Cdc25 in ww was determined after sequential immunoprecipitatlons {see 
Methods), b, Ser 309 Cdc25B phosphorylation and Cdc258 activity (bottom panel) were 
analysed at the different phases of the cell cycle, c, HeLa cells were treated with DMS0 or 
SB2021 90 (20 p.M) and UV irradiated (20 J m" 2 ) after 30 min; Ser 309 Cdc25B 
phosphorylation was then analysed, d. !n cell synchrony experiments, cells were 



transfected with the indicated GFP fusion plasmids (see Methods). Cells; which had 
progressed past 62 phase, were arrested in mitosis with nocodazoie over the next 4 h (7 h 
control, unirradiated samples; 7 h control + SB2021 90, unirradiated samples in the 
presence of p38 inhibitor; 7 h UV, UV-irradiated cells; 7 h UV+SB2021 90, UV-lrradiated 
cells in the presence of the p38 inhibitor). The number of GFP-positive ceDs in mitosis was 
counted, e, A model for the role of p38 Kinase in regulating G2/M checkpoint activation 
after genotoxic stress. Dotted line refers to unidentified, activated Kinase. 



NATURE] VOL 411 13 MAJT 2001 1 



www.oature.axn 



3EST AVAILABLE CO 



r v 



105 



irradiated only 3h after release in complete medium. Ultraviolet 
radiation abrogated G2 progression in Cdc25B wild -type GFP- 
positive cells > and the p38 inhibitor could overcome this checkpoint. 
The Cdc25B S309A mutant also induced premature entry into 
mitosis, but UV radiation had much less effect on G2 progression, 
and inclusion of the p38 inhibitor had no significant effect on G2 
progression after UV radiation (Fig. 4d). These data show that 
abrogation of Cdc25B Ser309 phosphorylation is sufficient to 
overcome initiation of the G2 checkpoint after UV radiation, and 
that this site is a critical target for p38 kinase in its regulation of 
checkpoint initiation. 

Before mitosis, Cdc25B and Cdc25C are phosphorylated at 
Ser 309 and Ser 216, respectively, with resultant complex formation 
with 14-3-3 proteins. Maintaining this phosphorylation in vivo 
must involve one or more kinases, which regulate entry into mitosis 
under normal (non-stress) conditions, although the specific kinases 
and how their activities are controlled remain uncertain. After 
genotoxic stress Cdc25 phosphorylation is required to prevent 
progression into mitosis, but the exact mechanism has not been 
certain because these inhibitory sites are already phosphorylated in 
G2 phase, even in unstressed cells. 

On the basis of our results and data for Chkl -dependent 
phosphorylation of Cdc25C after IR 1 *, a mode] can be proposed 
for the activation of the G2 checkpoint (Fig. 4e). After genotoxic 
stress, cells activate a mechanism that switches the system of kinases 
regulating Cdc25 phosphorylation in unstressed cells to kinases that 
arestress-inducible. By switching kinases after stress, the cell creates 
a system that becomes 'a sensor' for damage and allows entry to 
mitosis only after appropriate stress recovery. In this case, p38 
kinase is an early 'sensor* of cell damage because it regulates Cdc25B 
phosphorylation (Fig. 4c). Later events in the maintenance of G2 
arrest involve other components (such as ATR/ATM pathways) that 
participate in regulating Cdc25C in the nucleus and can be induced 
by most stresses including UV radiation as well as IK For example, 
disruption of either the Chkl or Chk2 genes attenuated only the 
later time points (12 h and later) but not the initiation of the UVor 
IR G2/M checkpoints 4,20 . It is striking that both initiation and 
maintenance pathways target the same system of Cdc25 phospha- 
tases, emphasizing their central role in the regulation of G2/M 
progression after genotoxic stress. 

Note added in proof. It has recently been shown that a yeast analogue 
of p38 kinase, HOGl, is required for hypertonic stress- induced G2- 
arrest". □ 

Methods 

Plasmids and site-directed mutagenesis 

p38o and p38l3 expression vectors were obtained from R. Davis and J. Han, respectively. 
GST-Cdc25B and GST-Cdc25C plasmids were provided by L Hoffmann and 
H. Piwnica-Worms. We obtained GFP-Cdc25B and GFP-Cdc25C from J. Pines. To 
generate site mutants, we used a site-directed mutagenesis kit (Stratagcnc) with the 
following pairs of primers: for Cdc25B S137A, S'-cagacgcttcxaggclatgccggtgaggctgc-3'/5'- 
gcagcclcaccggcatagcc^gEaagcgtctg.3 , : S309A, 5- , cggctcttccgctctccggccatgccctgcag.^75 , - 
ctgcagggcatggccggagagcggaagagccgO S361A, S'-gtartccgctcaaaagcactgtgtcacgatgag-S'/ 
5'.clcatcgtgacacagtgcttttgagcggaggac-3'; and for Cdc25C S216A, 5'-cclatatcgct«GCggcg 
atgccagagaac-3' f 5'-gtlactggcatcgccggggagcgatatagg-3'. Results were verified by DNA 
sequencing. 

Analysis of protein binding 

BactemUy expressed CST proteins (GST, G$T-Cdc25B, GST-Cdc25C or the indicated 
mutants) on glutathione beads were incubated overnight with protein extracts from He La 
cells (1 mg) and precipitated. P 38a was analysed by C-20, and p33B by C-16 poryclnnaJ 
antibodies (Santa Cruz). To analyse 14-3-3 binding, GST proteins were phosphorylated 
for 1 h with UV-aciivatcd p38a (ref. 15); we used a UVC radiation source for all 
experiments. 14-3-3 proteins in complex with GST proteins were analysed by immuno- 
blotiing with polyclonal antibody (K-19, Santa Cruz). For analysis of Cdc25 interaction 
with 14-3-3 proteins, HeLa cells were co-transfected with 5 p.g of GFP-tagged Cdc25 
plasmids and 5 u.g of haem&gglutihin A (HA)-tagged 14-3-3. On the next day, cells were 
labelled with 300>Ci ("SJmethiomne per ml of EasyTag Express Protein Labeling Mix 
(NEN) for 60 min and then UV irradiated (60 J m" 1 ). For some samples, we added 40 jiM 
SJ1202I9O 30 min before UV radiation tn block p36 activity. Labelling was continued for 



the next 60 min. and the cells were gathered. Cdc2Ss were precipitated with anti-GFP 
antibody. After boiling in SDS sample buffer, precipitates were diluted 30 lime* with lysis 
buffer, and 14-3-3 was subsequently re-immunoprecipitated with 10 p.] of ami 14-3-3 
antibody (Santa Cruz) and 5 pj of anti-HA antibody (Rabco). 

Kinase and phosphatase assays 

The p38 and Cdc2 kinase assays were performed after immunoprecipiraiion with jpccifii 
an^.bodics , *• ,, using GST-ATF2 and histone HI, respectively. We analysed INK kinase 
after pull down with GST-Jun. Cde25B activity was determined after ^phosphorylation 
of Cdc2, with subsequent analysis of Cdc2 activity using histone Hi as a substrate 21 . 

Analysis of the role of Ser 309 Cdc25B 

HcLa cells were synchronized by o double-thymidine block procedure as described 11 . Two 
hours before the second incubation with thymidine, we iransfectcd the cells with the 
indicated GFP fusion plasmids (Fig. 4d). Cells were irradiated 3 h oficr release into 
complete medium with 20 J m" 3 , and nncodazole was added during the next 4 h to trap any 
ceils that had progressed through G2 into mitosis. We determined the number of GFP- 
positive cells in mitosis as described 5 . Mitotic cells were obtained by a mitotic shake-off 
procedure; cells were collected at 8 h after release from the double-thymidine block, when 
the fraction of G2/M cdls was maximal as determined by FACS, and then every 45 min 
thereafter du ring the next 2.25 h. 

Analysis of phosphorylation 

Ser 2 1 6 Cdc25C antibody was from Cell Signaling Technology. Rabbit polyclonal antibody 
speciftc for phosphorylation at Ser309 CcLc25B was raised against the sequence Ac-305- 
314(309P) (that is. Ac-FRSPi(P)-MPCSV) conjugated to keyhole limpet hacmocyanin. 
We confirmed the specificity of antibody by enzyme-ttnked immunoabsorbent and 
immunoblot assays with GST proteins. 

Oligonucleotide synthesis and treatment 

The 20-nucleotide oligonucleotides used in this study were synthesized at ISIS Pharma- 
ceuticals Jnc. as follows: p38a antisense, 5'-ttctcttatctgagtccaat-3'; p3Sa scrambled, 
5'-ttatcctagcttagacctat-3'; P 380 antisense. 5'-gtacgttctgcgcgcgtgga-3';p38P scrambled, 
5'-gtlcgatcggctcgtgtcgo-3'. All oligonucleotides contained five 2'-0-melhoxyethyl- 
modified sugar/phosphodiester residues at the 5' and 3' ends, flanking ihe centre ten 
2'-dcoxyo!igonucJeotide/phosphorothioate residues. Cells were treated with 0.3 p.M 
oligonucleotides in the presence of lO^-gmT 1 ofLipofeoin reagent (Life Technologies). 
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Microarrays of cells 
expressing defined cDNAs 
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Genome and expressed sequence tag projects are rapidly cata- 
loguing and cloning the genes of higher organisms, including 
humans. An emerging challenge is to rapidly uncover the func- 
tions of genes and to identify gene products with desired proper- 
ties. We have developed a microarray-driven gene expression 
system for the functional analysis of many gene products in 
parallel. Mammalian cells are cultured on a glass slide printed 
in defined locations with different DNAs. Cells growing on the 
printed areas take up the DNA, creating spots of localized 
transfection within a lawn of non-transfected cells. By printing 
sets of complementary DNAs cloned in expression vectors, we 
make microarrays whose features are clusters of live cells that 
express a defined cDNA at each location- Here we demonstrate 
two uses for our approach: as an alternative to protein micro- 
arrays for the identification of drug targets, and as an expression 
cloning system for the discovery of gene products that alter 
cellular physiology. By screening transfected cell microarrays 
expressing 192 different cDNAs, we identified proteins involved 
in tyrosine kinase signalling, apoptosis and cell adhesion, and 
with distinct subcellular distributions. 

The growing collection of gene sequences and cloned cDNAs 
demands the development of systematic and high-throughput 
approaches to characterizing the gene products. Strategies com- 
parable to DNA microarrays for transcriptional profiling 1,2 and to 
yeast two -hybrid arrays for determining protein-protein inter- 
actions 3 do not exist to analyse the function, within mammalian 
cells, of large sets of genes. At present, in vivo gene analysis can be 
done — on a gene-by-gene scale — by expressing a DNA construct 
within cells that directs the overproduction of a gene product or 
inhibits its synthesis or function. The effects on cellular physiology 
of altering the level of a gene product is then detected using a variety 
of functional assays. We describe a strategy for the high- throughput 
analysis of gene function in mammalian cells. We have developed a 
system suitable for rapidly screening large sets of cDNAs or DNA 
constructs for those genes encoding desired products or causing 
cellular phenotypes of interest. Using slides printed with sets of 
cDNAs in expression vectors, we create living microarrays of cell 
clusters expressing the gene products. The cell clusters can be 



screened for any properly detectable on a surface and the identity 
of the responsible cDNA determined from the coordinates of the cell 
cluster with a phenotype of interest. 

To create these microarrays, we simultaneously transfect distinct 
and defined areas of a lawn of cells with different plasrnid DNAs 
(Fig. la). This is done without the use of individual wells to 
sequester the DNAs. Nanolitre volumes of plasrnid DNA in an 
aqueous gelatin solution are printed on a glass slide using a robotic 
arrayer. After drying, the DNA spots are briefly exposed to a lipid 
transfection reagent; the slide is then placed in a culture dish and 
covered with adherent mammalian cells in medium. The cells 
growing on the DNA and gelatin spots express the DNA and 
divide 2-3 times in the process of creating a microarray with 
features consisting of dusters of transfected cells (which we call 
'transfected cell microarrays') . We call the method to make, the 
arrays 'reverse transfection 1 because, compared with conventional 
transfection, we have reversed the order of addition of DNA 
and adherent cells. For detailed protocols of this and alternative 
methods see http://stafta.wi.mit.edu/sabatinLpublic/reversc_trans- 
fection.htm. 

To illustrate the method, we printed an array with elements 
containing an expression construct for the green fluorescent protein 
(GFP). HEK293 cells were plated on the slide for transfection and 
the fluorescence of the cells detected with a laser fluorescence 
scanner. A low magnification scan shows a regular pattern of 
fluorescent spots that matches the pattern in which we printed 
the GFP expression construct (Fig. lb). A higher magnification 
image obtained through fluorescence microscopy shows that each 
spot is about 120-150 fun in diameter and consists of a cluster of 
30-80 fluorescent cells (Fig. lc). As in a conventional transfection, 
the total expression level in the clusters is proportional over a 
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figure 1 Well-less transfection of plasrnid DNAs In defined areas of a lawn of mammalian 
ceils, a, Protocol fox making microarrays of transfected cells, b, User scan image of a 
GFP-expressing microarray made from a slide printed in a 14 x 10 pattern with a GfP 
expression construct c, Higher magnification image obtained with fluorescence micro- 
scopy o1 the celt cluster boxed in b. Scale bar, 100 ^m. d, Expression levels of cell ^ 
clusters in a microarray are proportional, over a fourfold range, to the amount of plasrnid 
DNA printed on the slide, indicated amounts of the GFP construct assume a 1-nl printing 
volume. The graph shows the mean ± s.d. of the fluorescence intensities of the cell 
clusters {n = 6). The fluorescent Image is from a representative experiment e, Co- 
transfection is possible with transfected cell microarrays. Arrays with elements containing 
expression constructs for HA-GST. GFP or both were transfected and processed for 
immunofluorescence and imaged with a laser scanner. Cy3, cell clusters expressing HA- 
GST: GFP, cell clusters expressing GFP; merged, superimposition of Cy3 and GFP signals. 
Yellow colour indicates co-expression. Scale bar, 1 00 jjuti. f , Enlarged view of boxed area 
of scan image from e. 
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